Purpose To validate a table of amounts of three horizontal muscle surgery in patients with large-angle infantile esotropia (Z60 prism dioptres, PD). Methods A prospective interventional case series reporting the postoperative alignment of 51 patients (27 male, 24 female) over a 15-year period was conducted. Surgery amounts were according to a published table developed on a previous patient cohort (n ¼ 49), using bilateral medial rectus recession with graded unilateral lateral rectus resection. Kaplan-Meier lifetable survival curves were formulated for success to orthotropia ( ± 10 PD) after one and subsequent horizontal muscle surgeries for up to 8 years follow-up. Results The median preoperative deviation was 65 PD (range 60-80 PD) and median age at surgery was 11.8 months (range 5.1 months-3.6 years). Surgical success to orthotropia ( ± 10 PD) after one surgery was 100% at 2 months, 95.7% at 6 months, 91.3% at 12 months, 77.8% at 4 years, and 73.6% at 8 years. Postoperative failure requiring further horizontal surgery occurred in 17.6% (residual esotropia 4, consecutive exotropia 5). Conclusions Our second cohort has reproduced the success rate of the previous cohort (77.8% vs 77.1% at 4 years). If the published table of surgical amounts is used, three horizontal muscle surgery in large-angle infantile esotropia (Z60 PD) appears to have a good long-term success rate, and does not lead to the high rates of either residual esotropia or consecutive exotropia reported by others in the literature.
Introduction
There has been ongoing debate about surgical management approaches for infantile esotropia. The various surgical interventions for infantile esotropia have included performing a unilateral medial rectus recession and lateral rectus resection, a 'uniform' approach with bilateral medial rectus recession, or a 'selected' approach for larger preoperative angles by performing three (or four) horizontal muscle surgery that involves bilateral medial rectus recessions and unilateral (or bilateral) lateral rectus resections. 1 Despite the widespread use of these different surgical approaches, there are few published tables to guide surgery amounts, no prospective validation studies of surgery amounts, and no randomized controlled trials. [2] [3] [4] The majority of published cohort studies are retrospective with widely variable success rates on children aged from 3 months to 11 years old at the time of surgery and with preoperative angles ranging from 20 to 100 prism dioptres (PD). Few studies have reported subgroup analysis and instead the results of success to orthotropia were on the groups as a whole making their results difficult to apply to clinical practice. Although it has become more widely accepted that early surgery results in better binocular vision in infantile esotropia, [5] [6] [7] [8] [9] [10] there is no agreed consensus on the amount of surgery to perform for different preoperative angles, particularly in large-angle infantile esotropia, which has been defined as Z60 PD in this study, alongside previously published definitions. All long-term studies of postoperative alignment to orthotropia ( ± 10 PD) in patients with infantile esotropia have demonstrated progressive failure over time. 12, 13 Prieto Diaz and Prieto Diaz 12 demonstrated Kaplan-Meier (KM) survival curves for infantile esotropia, with success to orthotropia of approximately 70% at 10 years and 50% at 20 years follow-up. 12 Louwagie et al 13 reported that further surgery was required in 51% of cases by 10 years and 66% by 20 years for a large cohort following unspecified type or amount of surgery.
To date, the literature has reported variable success to orthotropia when two muscle surgery was performed for large-angle infantile esotropia (Z60 PD). Since the late 1970s the success rates of large bilateral medial rectus recession (eg, 6-8 mm recession from muscle insertion or 10.5 mm from the limbus) for infantile esotropia 450 PD has been reported to be between 60 and 91%. 5, 11, [14] [15] [16] [17] Similarly, the success rates of three horizontal muscle surgeries have been reported between 61 and 82%. 4, [18] [19] [20] It has been proposed that the undercorrection rates (residual esotropia) after bilateral medial rectus recession may be due to inadequate surgery amounts and/or due to the variability of the medial rectus insertion, which can range from 3.0 to 6.0 mm from the limbus. 21 Unreliable results may occur when planning surgical recession from the muscle insertion rather than the limbus. 3, 14 The supporters of two muscle surgery argue that it is a simpler, quicker procedure with lower rates of overcorrection, which also leaves the lateral rectus untouched for future surgery if required. However, we have found bilateral medial rectus recessions frequently result in residual esotropia when used for angles of greater than 55 PD.
In a previous study, the senior author (GAG) defined a table of amounts of surgery 20 that was formulated to improve the results of surgery in large-angle infantile esotropia and reduce the need for subsequent surgeries. The aim of this study was to validate the table of numbers in a separate prospective cohort of patients.
Materials and methods
This study was a prospective interventional cohort of 51 children from a single paediatric ophthalmology practice. We used the table of numbers 20 (Table 1) to guide surgery for all patients with large-angle infantile esotropia Z60 PD. The term large-angle infantile esotropia was defined by Costenbader 10 in 1961 as angles greater than 30 PD, but for this paper we used the term for angles Z60 PD in keeping with previous authors' and common current clinical usage. 11 All surgeries were performed by one surgeon (GAG) over 15 years (August 1993 to April 2009) and no patients in this validation study were reported on in the previous study.
The following parameters were recorded for each patient: preoperative deviation (in PD), preoperative binocular spherical equivalent refraction (dioptres, D), need for preoperative patching, age at the time of surgery, bilateral medial rectus recession, lateral rectus resection, vertical component, postoperative assessment, duration of follow-up, prevalence of inferior oblique overaction, dissociated strabismus complex, postoperative patching, and amblyopia. The need for further surgery and time intervals for under-and overcorrection were recorded.
All preoperative and postoperative measurements were performed using two loose plastic isosceles prisms (Gulden, Elkins Park, PA, USA) held in one hand (separately over each eye, that is, not stacked) with the bases facing out in the position suggested by O'Flynn, 22 which in practice is more or less in the sagittal plane. We acknowledge the potential errors inherent in measuring large angles of strabismus with prisms. 23 Measurement techniques included the alternate cover test and Krimsky light reflex using an accommodative target for distance and near if possible. The senior author recently described a test useful in very young patients, where difficulties in measurement may occur, 24 that utilizes the principles of both Krimsky light reflex and the Bruckner reflex. Vertical muscle imbalance (A or V pattern associated with superior oblique or inferior oblique overaction) and dissociated vertical deviation were assessed preoperatively with appropriate surgical correction incorporated into the surgical plan as required. Cycloplegic retinoscopy was performed at least 30 min following instillation of two drops of 0.5% cyclopentolate (Bausch & Lomb, Chauvin Pharmaceuticals Ltd, London, UK) for patients less than 1 year of age, or 1% cyclopentolate for patients older than 1 year.
The surgical technique for both recession and resection was as described by Wright et al, 25 but all recessions were measured from the limbus (as per Kushner and Helveston) , 3, 20, 21 rather than the muscle insertion. The Castroviejo squint caliper was used to check these measurements ( Figure 1) . We chose the amount of recession based on Helveston's numbers for bilateral medial rectus recession, with two modifications as described in the author's original paper: 20 (1) The amount of recession performed was 0.5 mm less than the amounts used by Helveston owing to concerns about the possibility of consecutive exotropia resulting from large bilateral medial rectus recession when combined with a lateral rectus resection.
20
(2) The limbus-based measurements were made with a radial chord dropped back the required amount to mark the centre of the new insertion; further scleral marks were then made superiorly or inferiorly to intersect with a chord dropped radially from the old insertion (to mark the entry point of the suture needle immediately behind the original insertion). Using this technique, the reinserted muscle has a linear insertion parallel to the original insertion and tangential to the limbus. The measurement from the limbus to the centre of the new insertion is confirmed with the Castroviejo caliper before final suture tying. 20 Postoperative surgical success was defined as alignment to orthotropia (±10 PD). A surgical failure (residual esotropia or consecutive exotropia) was defined as alignment 410 PD (esotropia or exotropia) after the 1-week postoperative visit, and that required further surgery. Postoperative over-or undercorrection was aggressively treated with appropriate use of miotics, spectacles, or prisms. Tabulation of the postoperative alignments was performed for the following postoperative intervals: 1 week, 2 months, 6 months, 12 months, 18 months, 2 years, and annually thereafter. KM life-table analysis was used to formulate curves to demonstrate surgical success over time after one three-horizontal muscle surgery and overall after subsequent surgeries were performed in the event of a surgical failure.
The maximum follow-up interval and corresponding alignment was taken as that occurring at the most recent postoperative visit, date of second operation for residual esotropia or consecutive exotropia, or date of last examination before loss to follow-up. Data analysis was ceased after 8 years owing to the author's (GAG) practice to discharge at 8/9 years of age if the uncorrected alignment was orthotropic.
We certify that all applicable institutional and governmental regulations concerning the ethical treatment of humans were followed and all patients underwent surgery with full informed consent from their parents/guardians.
Statistical analysis
The distribution of non-Gaussian variables is described as a median (range). Statistical significance was taken at the 95% confidence interval and all statistical analysis was performed using STATA IC 10.1 (StataCorp, College Station, TX, USA).
Results
In all, 51 patients (27 boys, 24 girls) underwent bilateral medial rectus recession and unilateral lateral rectus resection according to the senior author's table of amounts of surgery ( Table 1 ). The median preoperative deviation was 65 PD (range 60-80 PD) and median spherical equivalent refraction was þ 1.75 D (range À3.75 to þ 5.75 D).
In total, 18 children (35.3%) required patching preoperatively to treat fixation preference. The median age at the time of surgery was 11.8 months (range 5.1 months to 3.6 years; Figure 2 ). Median overall follow-up after surgery was 3.1 years (range 1.6 months to 13.4 years). Figure 3a demonstrates the change from preoperative alignment to postoperative alignment after one surgery. Surgical success to orthotropia ( ± 10 PD) after one surgery was 100% at 2 months, 95.7% at 6 months, 91.3% at 12 months, 77.8% at 4 years, and 73.6% at 8 years (Figure 3b) .
Postoperative failure requiring further horizontal surgery by 8 years occurred in 17.6% (residual esotropia 4, consecutive exotropia 5). The mean age at the time of surgery in this group was 16.9 months and mean preoperative deviation was 70.6 PD. Mean time to failure overall was 21.3 months (range, 2.5-47.2 months). Mean time to failure for residual esotropia was 23.3 months (range, 2.8-40.5 months, mean age at surgery 17.4 months, mean preoperative deviation 68.8 PD) and for consecutive exotropia was 19.7 months (range, 2.5-47.2 Figure 1 Photo showing the method of measuring the medial rectus recession amount from the limbus (mm). months, mean age at surgery 16.6 months, mean preoperative deviation 72 PD).
Only one patient required more than two horizontal surgeries. Overall 23.5% (n ¼ 12) patients required further surgery for either postoperative failure (n ¼ 9), dissociated horizontal deviation (n ¼ 2), or subsequent oblique overaction that was not apparent preoperatively (n ¼ 8). The mean number of total surgeries required was 1.27 (range 1-4). The rate of dissociated strabismus complex was 37.3% (n ¼ 19): dissociated vertical deviation 16 and dissociated horizontal deviation 5. The rate of inferior oblique overaction was 52.9% (n ¼ 27), but the majority of these patients (n ¼ 20) underwent inferior oblique surgery at the time of the initial three horizontal muscle surgery.
Surgical success to orthotropia (±10 PD) after subsequent surgery was 100% at 2 months, 97.9% at 6 months, 97.9% at 12 months, 97.9% at 4 years, and 85% at 8 years (Figure 3c ). In our series, 35% (n ¼ 18) patients required preoperative patching vs 33% (n ¼ 17) postoperatively. At study conclusion, there were seven patients with amblyopia, all of whom had amblyopia treated preoperatively. Five patients required patching postoperatively, who did not have preoperative patching and were successfully treated (ie, no amblyopia at last follow-up).
Discussion
The purpose of this study was to validate a table of amounts of surgery previously reported for large-angle infantile esotropia (Z60 PD). There are few studies recommending table of amounts of surgery, but none have been validated in follow-up studies. 4 Since the late 1970s the success rates of large bilateral medial rectus recession for infantile esotropia 450 PD has been reported between 60 and 91%. 5, 11, 14, 16, 17, 26, 27 Ing and Okino 5 reported only a 30% success rate for bilateral medial rectus recessions of 5 mm for esotropia greater than 50 PD. In 1979, Hess and Calhoun 11 reported 60% success to orthotropia with 7 mm bilateral medial rectus recession. Stager et al 14 and Weakley et al 26 had surgical success of 60% and 75-77%, respectively, using 6-7 mm recessions. 14, 26 Symzd et al 16 reported 91% success rates at 6 weeks postoperatively using 6-7 mm bilateral medial rectus recession in 45 patients with esotropia 450 PD. Damanakis et al 27 performed 8 mm recession in 16 patients (70-80 PD), and although successful in 75%, the rate of undercorrection was still 25%. In 1999, Tolun et al 17 reported results of bilateral medial rectus recessions of 8 mm in a group of 54 patients with mean preoperative deviation of 70 PD and had success in 67% of cases up to 7 years follow-up. In these studies, the medial rectus recession amounts were measured from the muscle insertion and not the limbus as in our study. Kushner et al 28 performed large bilateral medial rectus recessions of 10.5 mm measured from the limbus and demonstrated success in 84% of cases in a group with mean preoperative deviation of 53 PD. In the same study, graded recessions up to 6 mm from the insertion had poorer results (success 63%), which formed part of the basis for our recommendation to measure the recession amount from the limbus.
Three horizontal muscle surgeries for large-angle infantile esotropia have had a similar spread of success rates (61-82%; Figure 4) . 1, [18] [19] [20] In our previous study of 49 patients with mean 69 PD (range 60-85), surgical success to orthotropia was 77.6% when formulating the proposed table of numbers. 20 Scott compared the results of 107 patients with 450 PD infantile esotropia who underwent either two muscle surgery (5-6.5 mm recession from insertion, but no further than 11.5 mm from the limbus) vs three/four muscle surgery (11 mm bilateral medial rectus recession in conjunction with a 6 or 7 mm lateral rectus resection) in a retrospective comparison study. 1 A table similar to our recommended surgery amounts was reported. after three/four muscle surgery was 21% (vs 58% in two muscle surgery) and the rate of overcorrection in the early postoperative period was 17% (vs 5% in two muscle surgery), but in most cases patients became orthotropic over time. 1 In this series, three and four muscle surgery reduced the need for reoperation almost fivefold (6% vs 29%). 1 The authors also argued that three/four horizontal muscle surgery as the initial surgical treatment reduced the anaesthetic risk to the child through lower reoperation rates. 1 Although this showed promising results in support of a more directed selective surgery, there are some limitations of the study making the application of these results to clinical practice difficult. The two groups compared were not similar preoperatively and the study also included patients up to 11 years old, which is beyond the critical period for visual development.
In 2005, Minkoff and Donohue 29 reported their poor results because of late consecutive exotropia in a small cohort of 10 children (mean age 13 months, mean preoperative deviation 62.5 PD (50-85 PD). Their reasoning for the low success rate (30%) was attributed to adult surgery dosages and 'preoperative measurement error' causing overestimation of the esotropia. 29 Another proposed reason for their high overcorrection correction rate was either due to the placement of the medial rectus more than 1.5 mm posterior to the equator or posterior migration of the new insertion with axial length growth. 29 The patients in this study who had preoperative angles 460 PD and required subsequent surgery for consecutive exotropia received larger amounts of recessions/resection at the initial surgery than our table would suggest.
The reasons why some patients develop late-onset consecutive exotropia are poorly understood. A number of authors have suggested multiple reasons for late-onset consecutive exotropia (amblyopia and lack of postoperative binocularity, mechanical limitation of postoperative adduction, high hypermetropia, nystagmus, A/V patterns, family history of strabismus, and vertical deviations). 30, 31 Ludwig and Chow 32 have demonstrated the presence of scar remodeling with lengthening of the scar between the previously recessed muscle and the sclera in 50% of patients with later onset of consecutive exotropia. In our small group of patients who developed overcorrection (n ¼ 5), they had one or more of the following previously reported features that may be associated with a risk of late consecutive exotropia: amblyopia, hyperopia 44 D, need for secondary surgery for oblique overaction, and/or the presence of dissociated strabismus complex. However, with such small numbers these were not statistically meaningful. No patient in this cohort exhibited signs of scar remodelling at reoperation.
Our recommended table of amounts of surgery has been validated in this second cohort by reproducing the success rate of the previously published cohort (77.8% vs 77.1% at 4 years). If the published table of surgical amounts is used, three horizontal muscle surgery in large-angle infantile esotropia (Z60PD) appeared to have a good long-term success rate, and did not lead to the high rates of either residual esotropia or consecutive exotropia reported by others in the literature.
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